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The double-layer wrapped ammonium polyphosphate (APP) enhances the fire safety, aging resistance, and mechanical property of
crosslinked polyethylene (XLPE) composites.

Public summary

m The double-layer wrapped ammonium polyphosphate (APP) enhances the compatibility and mechanical property of
crosslinked polyethylene (XLPE) composites.

m The OIT value of XLPE-4 composite is 182.95 min, which is approximately 8 times than that of XLPE-1.
m After aging at 135 °C for 14 d, the retention of EB for XLPE-1 and XLPE-4 reaches 2.6% and 61.1%, respectively.

m The PHRR and Ds-max of XLPE-4 are reduced by 89.7% and 54.9%, respectively.
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Abstract: In this study, double-layer wrapped ammonium polyphosphate (APP) is designed to enhance the mechanical
properties, resistance and flame retardancy of crosslinked polyethylene (XLPE) composites. APP was wrapped with silica
and then grafted with hindered phenol antioxidant 3-(3,5-di-tert-butyl-4 hydroxyphenyl) (AO) to prepare double-layer
wrapped flame retardants (MCAPP). Due to the excellent compatibility between the MCAPP and XLPE matrix, the tensile
strength and elongation at break of XLPE/MCAPP/CFA (XLPE-4) were improved. Moreover, the retention rate of elonga-
tion at break for the XLPE-4 composite reached 61.1%, significantly higher than that of XLPE-1 (2.6%) at 135 °C after
aging for 14 d. This demonstrates that MCAPP could improve the aging resistance of XLPE cable composites. Compared
with XLPE-1, the maximum smoke density and the peak heat release rate were reduced by 54.9% and 89.7%, respectively.
Thus, the double-layer wrapping antioxidant strategy provides an excellent approach to obtain high-performance XLPE

composites.
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1 Introduction

Polyethylene (PE) has the advantages of low density, good
toughness, high elongation, easy processing, and low cost,
and is widely used in industrial packaging, building, trans-
portation, electrical and electronics fields'~. However, PE
has a lower limiting oxygen index (LOI) and higher flammab-
ility, hindering its application in some fields. The flame re-
tardancy of the PE matrix can be effectively improved by
doping with flame retardants. Traditional halogenated flame
retardants have good flame retardancy, but they release toxic
gas and corrosive smoke to pollute the environment. Inorgan-
ic flame retardants, such as magnesium hydroxide and alu-
minum hydroxide, have the advantages of low cost and non-
toxicity ‘.. However, the addition amount of magnesium hy-
droxide or aluminum hydroxide is usually higher, resulting in
a decrease in the mechanical properties of the composite
materials’.

In recent years, intumescent flame retardants (IFRs) based
on ammonium polyphosphate (APP) have shown good flame
resistance, non-toxicity, and low smoke"'?. Liu et al.'!
doped 30% IFR (SPEPO : APP : MP =717 1) in LDPE,
and the LOI of the composite was 27.6%, reaching the V-0
level for UL-94. However, IFRs have some shortcomings in
flame retarding polymers, such as poor compatibility with
polymers and strong hygroscopicity. The mechanical proper-
ties and durability of IFR flame retardant materials are greatly
reduced. APP particularly easily absorbs moisture, resulting
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in poor water resistance of the polymer. Microencapsulation
of APP and macromolecular carbon-forming agents (CFAs)
can effectively improve these defects to improve the compat-
ibility and durability of flame retardant polymer
composites’ 9.

In general, PE is also easily subjected to thermal oxidation
and degradation during the long-term service process, result-
ing in an overall decrease in the mechanical, electrical, and
service performances of PE composites. The most common
and valid way to enhance the aging resistance of PE compos-
ites is adding antioxidants to the PE matrix. The antioxidant
can capture free radicals produced from the degradation of the
PE composites to stabilize the matrix. Nevertheless, com-
monly used antioxidants have relatively small molecular
weights, poor thermal stability, easy volatilization, migration
resistance, and other defects in the process of usage, so the
actual application efficiency of antioxidants is reduced!’ .
To solve these above problems, the current research mainly
focuses on loaded antioxidants and polymer antioxidants, in-
creasing the molecular weight of the antioxidant, passing
physical adsorption or chemical reaction to graft low molecu-
lar weight antioxidants on the inorganic filler™. Li et al.”!
took titanium dioxide coated with silica as the carrier (SiO,-
TiO,), used 3-aminopropyl triethoxysilane (KH550) for modi-
fication and then grafted AO onto the carrier to obtain the
supporting antioxidant (AO-KH550-SiO,-TiO,). When AO-
KH550-Si0,-Ti0, is added to polypropylene (PP) directly, its
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oxidation induction time (OIT) value is the highest, and the
carbonyl index does not surge after aging, indicating that the
embedded antioxidant has good thermal oxygen stability"”.

The hindered phenol antioxidant 3-(3,5-ditert-butyl-4 hy-
droxyphenyl) propionate (AO) can capture RO and ROO rad-
icals to inhibit the aging process of polymer materials and is
widely used as a primary antioxidant in polymer materials.
Upon mixing with AO, APP may affect the efficiency of
AOPY, In addition, the small molecule antioxidant, AO, eas-
ily suffers from physical losses, e.g., volatilization, migration,
and water extraction, which need to be fixed on other solid
surfaces”™. Combining AO with APP seems to be an attract-
ive way to confer inherent properties to both components
through design and control. The silane coupling agent is an
organic silicon that can improve the water resistance of APP
and the interface compatibility between APP and the polymer
matrix*”. It is made from the hydrolysis of siloxane in water.
The above issues can be solved by wrapping APP with a
layer of silicone and AO simultaneously.

Herein, to further improve the compatibility and long-term
aging resistance of APP-based IFRs and expand their applica-
tion field, APP-based IFRs were treated with an organosilane
coupling agent and AO to modify the surface. The effects of
double-layer APP-based IFRs on the flame retardant, mech-
anical properties and aging resistance of XLPE cable were
studied by using thermogravimetric analysis (TGA), the LOI,
UL-94, conical calorimeter (Cone), smoke density, differen-
tial scanning calorimetry (DSC) test, and physical properties
tests.

2 Experimental part

2.1 Preparation of AO-Cl

The synthesis of 3,5-ditert-butyl-4-hydroxyphenylpre-nonyl
chloride (AO-CI) can be seen in the Supporting information.

2.2 Preparation of MCAPP

Step 1: The synthesis of SIAPP can be seen in Ref. [26].

Step 2: SiAPP (100 g), triethylamine (2.1 g) and trichloro-
methane (200 mL) were added to a 500 mL three-neck flask
and stirred constantly at 45 °C. After that, 5.7 g of AO-CI was
dripped into the above solution and reacted for 4 h at 45 °C.
After that, the mixture was placed at 25 °C, filtered and
washed with water and trichloromethane. Then, these
products were dried at 80 °C for 9 h (Fig. 1a) to obtain the
MCAPP.

2.3 Fabrication of XLPE composites

MCAPP (16.5 wt%), 5.5 wt% CFA, and 78 wt% PE were
added to an internal mixer, which was melted at 110 °C at a
speed of 40 1/min. Then, 0.6% triallyl cyanate (TAIC) and
0.6% diisopropylene benzene peroxide (DCP) were poured
into the above mixture for mixing evenly. After that, these
XLPE mixtures were hot pressed at 160 °C for 15 min, and
the standard size and shape were prepared for testing (XLPE-
4). In a further attempt to compare the performance of the
MCAPP and the mixture of APP and AO, the comparative
formula is shown in Table 1 to compare the comprehensive
properties of these samples.
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3 Results and discussion

3.1 The characterization of MCAPP

As shown in Fig. 1b, the hydrophilicity on the surface of the
flame retardants was investigated using a contact angle meter.
The contact angle of APP is 29.1°, indicating that APP is very
hydrophilic. After wrapping SiO, on the APP surface, the
contact angle of SiAPP was 15.3°, because hydrophilic
Si—OH was introduced into the shell surrounding the SiAPP,
thus improving the hydrophilicity of the flame retardant. The
contact angle of MCAPP is 91.7°, indicating that the surface
of the flame retardant becomes more hydrophobic after wrap-
ping with aromatic AQO. Therefore, the problem of poor water
resistance and poor compatibility with the PE matrix could be
solved. Moreover, it can be seen from Fig. Ic that the APP
presents a stacked irregular particle-like structure, and the
surface gradually becomes rougher after SiO, and hindered
phenol wrapping. In addition, SEM mapping was also per-
formed on the surface elements of MCAPP in Fig. 1d. The
simultaneous detection of C, O, Si, and P elements in Fig. 1d
indicated that the MCAPP was successfully prepared.

Fig. 2a shows the Fourier transform infrared (FTIR) spec-
tra of APP, SiAPP, and MCAPP. Obviously, the absorption
peak at 3485 cm™ is attributed to the stretching vibration of
—OH. The bending vibration peaks at 980 cm™ and the
stretching vibration peak at 885 cm™ are attributed to the
P-OH bond and P-O-P bond of APP, respectively. After
APP is microencapsulated with silica (SiAPP), 1110 cm™ cor-
responds to asymmetric Si—O—Si bonds. After grafting AO to
SiAPP, a new absorption peak appeared at 1750 cm™, which
corresponds to the C=0 of AO™. These results demonstrate
that AO is successfully grafted onto the surface of SiAPP.
Fig. 2b and Fig. S1 show the chemical composition of APP,
SiAPP, and MCAPP by X-ray photoelectron spectroscopy
(XPS) spectra. Compared with APP, the content of C and Si
on the surface of SiAPP increased, which indicates that SiO,
was successfully hydrolyzed on the surface of APP. Mean-
while, the content of C element on the surface of MCAPP in-
creases, while the content of Si element decreases, demon-
strating successful grafting from SiAPP with AO.

The TGA curves and relevant data obtained for the studied
samples APP, SiAPP, and MCAPP are shown in Fig. 2¢ and
Table S1. T sy T 10wisr aNd Ty are the temperatures where
the weight loss is 5 wt%, 10 wt%, and the weight-loss rate
reaches its maximum, respectively. The char residue of APP
at 800 °C is 11.1 wt%, which indicates the good thermal sta-
bility and carbonization ability of the flame retardant. The
char residues of SIAPP and MCAPP at 800 °C are 44.7 wt%
and 38.0 wt%, respectively, both of which are higher than that
of APP. The relative grafting ratio of AO on SiAPP was cal-
culated to be approximately 16.3 wt%, and the relevant calcu-
lation process can be seen in Table S2.

Fig. 2d shows the different radical scavenging activities of
APP, SiAPP, MCAPP, and AO toward 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) free radicals®. The radical scaven-
ging activity of the stabilizer increased with increasing

DOI: 10.52396/JUSTC-2023-0090
JUSTC, 2023, 53(10): 1003



Jia et al.

Sol-gel method

I

Multi-layered image

TEOS o

SiAPP

MCAPP

Fig. 1. (a) Schematic representation of the preparation process of MCAPP. (b) The corresponding WCA optical images. (c) SEM images of APP, SiAPP,

and MCAPP. (d) EDX mapping images of MCAPP.

Table 1. Formulas of the XLPE composites.

Sample PE APP SiAPP CFA MCAPP AO TAIC DCP UL-94 LOI
XLPE-1 100 1.5 0.6 NR 17%
XLPE-2 78 16.5 5.5 0.6 0.6 V2 24%
XLPE-3 78 16.5 5.5 0.6 0.6 Vo 27%
XLPE-4 78 5.5 16.5 0.6 0.6 Vo 29%
XLPE-5 78 15.34 5.11 1.55 0.6 0.6 V2 26%
XLPE-6 78 15.34 5.11 1.55 0.6 0.6 Vo 28%

sample concentration, as shown in Fig. 2d. The scavenging
activity of APP and SiAPP was basically maintained at very
low levels with increasing concentration, which was much
lower than that of MCAPP. In addition, with increasing sta-
bilizer concentration, the free radical scavenging activity of
MCAPP approaches that of AO, indicating that grafting with

1

AO enhances the free radical scavenging ability of MCAPP,
which may effectively delay the degradation of XLPE.

3.2 Mechanical property and dispersion analysis
One of the most critical properties of polymer materials is

their mechanical properties®”. The mechanical properties of

003-3 DOI: 10.52396/JUSTC-2023-0090
JUSTC, 2023, 53(10): 1003



4@ : Design of aging-resistant and flame retardant crosslinked polyethylene composites Jia et al.

p—
=
'

Transmittance (a.u.)

— SIAPP
—— MCAPP

3500 3000 2500 2000 1500 1000 500

Wavenumber {em™)

—a— APP
—a— SiAPP
—a— MCAPP
80 - \ —a— AD
9 I
= 60 |
= 1
k] |
= 4+ Y
|
!
20+ \
Q\
o
0 - & E RN \-LLW»-]
200 400 GO0 800

Temperature ("C)

Scavenging activity (%)

APP SiAPP MCA
w0
3 T
80 9
60
J_——F""“
40 q//
—a=APP
~@=SIAPP
20 — 3= MCAPP
§=°=3=="° —=A0
0 de
0 2 4 6 8 10

Concentration of stabalizer (mg/ml.)

Fig. 2. (a) FTIR spectra of APP, SiAPP, and MCAPP. (b) The contents of C 1 s and Si 2p from APP, SiAPP, and MCAPP. (c) TGA curves of APP,
SiAPP, MCAPP, and AO under N, atmosphere. (d) Radical scavenging activity of APP, SIAPP, MCAPP, and AO.

XLPE and its composites were investigated using a universal
testing machine. Fig. 3a and b shows that the tensile strength
(TS) and elongation at break (EB) of XLPE-1 reach 15.0 MPa
and 396%, respectively. When APP was added to XLPE, the
TS and EB of XLPE-2 were reduced to 10.1 MPa and 149%,
respectively. For XLPE-3, the TS and EB are 11.8 MPa and
154%, respectively. These results indicate that the mechanic-
al properties of XLPE composites deteriorate sharply by in-
creasing the loading of APP and SiAPP. At the same time, the
introduction of AO slightly enhances the mechanical proper-
ties of XLPE-5 and XLPE-6. However, for XLPE-4, the TS
and EB increase to 12.7 MPa and 163%, respectively. These
above results indicate that organic benzene rings improve the
compatibility of polar flame retardants, thus improving the
mechanical properties.

To further explore the distribution status of MCAPP, the
cross-sectional morphologies of XLPE composites are shown
in Fig. 3c—j. There are many obvious interfaces between APP
(or SiAPP) and the XLPE matrix. The interface between these
flame retardants and the XLPE matrix is poor, as proven by
the obvious holes and interfaces in the XLPE-1 and XLPE-2
sections. However, MCAPP is evenly distributed in the XLPE
matrix, and there is no obvious incompatible interface and
hole distribution, indicating that MCAPP is compatible with
the XLPE matrix. The excellent and uniform dispersion and

10034

interfacial adhesion of MCAPP greatly affect the mechanical
properties of XLPE composites.

3.3 Aging resistance performance

In the DSC test, oxidation induction time (OIT) is considered
an important indicator of antioxidant performance™ . In
general, the longer the OIT value, the better the sample anti-
oxidant degradation performance. Fig. 4a and b shows the
OIT values of these XLPE composites. The OIT values of the
XLPE-1, XLPE-2, and XLPE-3 composites were 24.0 min,
19.16 min, and 38.19 min before extraction, indicating that
thermal oxidation occurs rapidly under oxygen. The OIT val-
ues of XLPE-4, XLPE-5, and XLPE-6 increased significantly
to 182.95 min, 53.47 min, and 68.13 min, respectively, show-
ing that the introduction of AO improved the aging resistance
of the XLPE composites.

In practical applications, XLPE composites are commonly
applied in an air atmosphere. To study the antioxidant capa-
city of MCAPP, an accelerated thermal oxidative aging test
was performed. Moreover, the relationship between the EB of
the XLPE composites with different antioxidants and the
change rate of the 135 °C aging time is shown in Fig. 4c. The
XLPE-1, XLPE-2, and XLPE-3 composites showed signific-
ant deterioration after aging for 14 d, and the retention of EB
reached 2.6%, 29.8%, and 25.5%, respectively, without aging-
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Fig. 3. (a) Tensile strength, (b) elongation at break and (c—j) cross-sectional SEM images of XLPE-1, XLPE-2, XLPE-3, XLPE-4, XLPE-5, and XLPE-6.

resistant AO components. Meanwhile, the retention of EB
from the XLEVA-5 and XLEVA-6 composites was 38.8%
and 35.2%, respectively. For the XLEVA-4 composite, the re-
tention of EB reached 61.1% after aging, showing excellent
aging resistance. This is because the small molecule AO more
easily migrates to the surface and volatilizes than the AO
grafted to the MCAPP surface, which affects its long-term
aging resistance. Therefore, for long-term practical applica-
tions, MCAPP is an effective anti-aging agent for XLPE
composites.

To study the aging resistance mechanism of XLPE com-
posites®, electron spin spectroscopy (ESR) was used to test
the concentration of single-electron radicals before and after
aging at 135 °C for 14 d (Fig. 4c and d). The complex con-
taining AO has a low radical concentration, and XLPE-4 has
the lowest radical concentration after aging, indicating that
the AO components play a role in free radical scavenging to

1003-5

endow these XLPE composites with aging resistance. The
above results are consistent with the mechanical property
changes of XLPE composites after aging, further demonstrat-
ing that MCAPP has an effect on the long-term aging process
of XLPE.

3.4 Fire safety

The TGA and DTG curves of these XLPE composites under
N, and the corresponding data are recorded in Fig. 5a, b, and
Table S4. As shown in Fig. 5a, the flame-retardant XLPE
composites have higher initial decomposition temperatures
than pure XLPE. At the same time, compared with pure
XLPE, flame retardant XLPE samples have better thermal
stability and more char residue in the temperature interval of
400-750 °C. This is because flame retardants at high temper-
ature produce a dense char layer, which can act as a barrier to
protect the matrix. Compared with the XLPE-2 and XLPE-3
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135 °C. Electron spin resonance spectra of XLPE composites before (d) and after (e) aging at 135 °C for 14 d.

systems, XLPE-4 has lower initial decomposition temperat-
ures and maximum mass loss but has higher thermal stability
and higher char production. This is attributed to the silicon
shell participating in char formation to enhance the stability
of the char layer and efficiently protect the XLPE matrix in
the high-temperature stage".

These LOI values and UL-94 ratings of the XLPE compos-
ites are recorded in Table 2. When APP is added, the LOI of
the XLPE composites increases from 17% to 24%, and the
UL-94 rating of the XLPE composites increases from no rat-
ing (NR) to V2. At the same loading, XLPE-4 had the highest
LOI value of 29%, and the UL-94 rating could pass V0. The
above results show that XLPE-4 exhibits excellent flame
retardancy.

It can be seen from Fig. 5c, d, and Table 2 that a cone
calorimeter is used to study the combustion performance of
flame retardant XLPE composites". Various data, including
the fire growth index (FGI), fire performance index (FPI),
time to ignition (TTI), peak heat release rate (pHRR), time to
peak heat release rate (T, yrr), and total heat release (THR), are
recorded in Table 2. XLPE-1 reaches a pHRR of 965 kW/m?
at 156 s and then burns completely at 350 s, indicating that
pure XLPE burns very easily. After the addition of flame re-
tardants, the pHRR of the XLPE composites is significantly
reduced. The pHRR of XLPE-4 is only 99 kW/m?, which is
89.7% lower than that of XLPE-1. Moreover, the pHRR of

At the same time, the THR curve shows a similar trend, and
the THR of XLPE-4 is only 58.39 kW/m’, which is 33.4%
lower than that of XLPE-1. To further evaluate the fire haz-
ard of XLPE composites, their FPI was calculated. The FPI is
obtained according to the ratio of TTI to pHRR. The FPI
value decreases, which indicates that the fire risk of XLPE
composites is increased. The FPI value of XLPE-4 is higher
than that of XLPE-1, showing that it has higher fire safety.
The above result demonstrates that the double-layer wrapped
APP can significantly enhance the fire safety of XLPE
composites.

In general, the toxic smoke produced from burning in fires
is the main cause of casualties™. Thus, it is crucial to evalu-
ate the impact of MCAPP on the nonthermal hazard of PE.
The maximum smoke density (Ds-max) value and smoke
transmittance curve are shown in Fig. 5e and f. The Ds-max
of XLPE composites with flame retardants is significantly re-
duced. Compared with that of XLPE-1, the Ds-max of XLPE-
4 is only 188.4 m*’/m’, which is reduced by 54.9%. Due to the
excellent carbonization properties of the XLPE-4 composites,
the dense carbon layer has a good physical barrier effect. It
could delay the escape of volatile flue gas as well as flam-
mable products produced from the degradation of the matrix
and then delay the smoke release rate in the combustion pro-
cess and inhibit the release of toxic flue gases.

These gas pyrolysis products for XLPE composites could

XLPE-2 is 141 kW/m? which is higher than that of MCAPP. be studied by thermogravimetric-infrared spectroscopy
Table 2. UL-94, LOI, and key parameters acquired from cone calorimetry tests.
Samples TTI (s) Tyurr (5) pHRR (kW/m>) THR (MJ/m?) FPI (s'm?/kW) UL-94 LOI
XLPE-1 62 156 965 87.65 0.064 NR 17%
XLPE-2 33 59 141 66.51 0.234 V2 24%
XLPE-3 26 50 150 66.50 0.173 Vo 27%
XLPE-4 50 165 99 58.39 0.505 Vo 29%
XLPE-5 68 150 129 61.67 0.527 V2 26%
XLPE-6 64 129 131 63.74 0.489 Vo 28%
1003-6 DOI: 10.52396/JUSTC-2023-0090
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Fig. 5. (a, b) TGA and DTG curves for XLPE composites from 50 °C to 800 °C under a N, atmosphere, respectively. (c—f) HRR, THR curves, maximum
smoke density, and smoke transmittance curve of XLPE composites respectively. (g, h) The absorbance at the maximum decomposition rate and
Gram —Schmidt curves for XLPE-1 and XLPE-4. (i-1) Typical volatile thermal decomposition products versus time: CO, CO,, hydrocarbons, and

aromatic.

(TG-IR). Fig. 5g and h present the absorbance at the maxim-
um decomposition rate and Gram—Schmidt curves of XLPE
composites®. Compared with the Gram—Schmidt curves and
absorbance at the maximum decomposition rate temperature
(Tmax) of XLPE-1, the peak release rates of the total pyrolysis
products from XLPE-4 are significantly reduced, demonstrat-
ing that more components of XLPE-4 were reserved from the
condensed phase. These absorption peaks at 2180 cm™, 2358

cm™, 2980 cm™, and 1601 cm™ are attributed to the CO, CO,,
hydrocarbons, and aromatic compounds of essential com-
pounds produced in combustion (as shown in Fig. 5i-1). Not-
ably, the combustible volatiles produced by XLPE-4 (hydro-
carbons (2980 cm™), aromatic compounds (1601 cm™), and
CO (2180 cm™)) were much weaker than those produced by
XLPE-1. Moreover, CO, is another important indicator of fire
safety because a high concentration of CO, can easily

Fig. 6. Schematic diagram of the flame retardant mechanism of the XLPE-4 composite.
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suffocate people in the event of fires®~". The peak release
rates of CO, from XLPE-4 are significantly reduced com-
pared with those produced by XLPE-1, which is beneficial for
inhibiting fire hazards. In summary, with the addition of
MCAPP, the fuel supply and toxic gases are efficiently
suppressed.

3.5 Flame retardant mechanism analysis

The synergistic flame retardant effect of MCAPP (see Fig. 6)
was confirmed by the analysis of condensed and gas phases
(Figs. S4, S5, and S6). The pure XLPE burns tempestuously
under intense thermal radiation, releasing a large number of
pyrolysis products, exhibiting severe fire hazards during
burning. The addition of MCAPP could effectively improve
the fire safety of XLPE composites. For the condensed phase,
polyphosphate and biased phosphate produced by the decom-
position of APP catalyze the degradation of the XLPE matrix,
forming a coherent, partially graphitized, tight carbon layer
by crosslinking reactions and esterification. Moreover, the re-
lease of NH; and H,O during APP decomposition not only
has a gas phase dilution effect but also expands the carbon-
aceous layer. Thus, a constandly porous carbonaceous layer
adheres on the substrate. The carbonaceous layer effectively
inhibits oxygen and heat transfer to the combustion zone and
prevents further degradation of the residual matrix. Mean-
while, the intumescent char layer restricts the escape of com-
bustible gases to the flame zone, effectively preventing the
extension of the fire. Finally, oxygen radicals generated from
the AO in MCAPP can quench the alkyl and peroxide radic-
als, thereby preventing chain breakage and reducing smoke
release. In addition, SiAPP is crosslinked with AO to form a
compact char layer, and the SiO, generated from SiAPP de-
composition strengthens the carbonaceous layer.

4 Conclusions

In this study, APP was wrapped with silica and then grafted
with the hindered phenol antioxidant AO to prepare double-
layer wrapped MCAPP, which was added to XLPE to en-
hance the service performance. The TS and EB of XLPE-4
were improved due to their excellent compatibility.
Moreover, the introduction of AO on the surface of MCAPP
can effectively capture free radicals during combustion and
protect the XLPE matrix from thermal oxygen aging. After
aging at 135 °C for 14 d, the retention rate of elongation at
break increases by 61.1% for the XLPE-4 composite. Com-
pared with XLPE-1, Ds-max, and pHRR were reduced by
54.9% and 89.7%, respectively. This work provides an effect-
ive method for preparing high-performance flame-retardant
XLPE composites with excellent aging resistance.

Supporting information

The supporting information for this article can be found on-
line at https://doi.org/10.52396/JUSTC-2023-0090. The sup-
porting information includes 4 tables and 6 figures.
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